City University of New York (CUNY)

CUNY Academic Works
Dissertations and Theses

City College of New York

2014

KOS Modulation of mitochondrial fission and fusion
Herman Kucharavy
CUNY City College

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/cc_etds_theses/218
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

	
  
	
  

ROS Modulation of Mitochondrial Fission and Fusion

A thesis submitted in partial fulfillment of the requirements for the degree of
Masters of Science in the Biology Department of the City College of the City
University of New York

Student: Herman Kucharavy
Mentor: Dr.Karen Hubbard
	
  
	
  
2014

	
  
	
  
	
  
	
  
	
  
	
  
i	
  
	
  

	
  
Table	
  of	
  Contents	
  
	
  
Ι	
  	
  

Acknowledgements

ΙΙ

Abstract

1

ΙΙΙ

Background and Introduction

3

•

Cellular Senescence, cancer and ageing:

3-4

•

Replicative Senescence and Stress-Induced Premature Senescence

4-5

•

Cellular Senescence and Cancer

5-6

•

Cellular Senescence and Aging

6-8

•

Mitochondria

8-10

•

Mitochondrial Fission and Fusion

10-13

•

Oxidative Damage and the Free Radical Theory of Ageing

13-17

•

Mitochondrial Deletion:

17-19

•

Mitochondrial Diseases:

19-21

•

Kearns-Sayre Syndrome (KSS)

21-22

•

Antioxidants and Mechanisms of Action on Mitochondria

22-23

•

Alpha-lipoic acid

23-25

•

Acetyl-L-carnitine (ALC)

25-26

•

L-Gluthathion

26-28

ΙV

Materials and Methods

28-30

V

Results

31-53

VΙ

Discussion and Conclusion

54-57

VΙΙΙ

Refrences

58-64

ii	
  
	
  

ACKNOWLEDGEMENTS

	
  

First	
  and	
  foremost,	
  I	
  wish	
  to	
  express	
  heartfelt	
  appreciation	
  to	
  my	
  mentor	
  	
  Dr.	
  Karen	
  
Hubbard	
  for	
  her	
  valuable	
  advice	
  and	
  opportunity	
  to	
  do	
  research	
  in	
  her	
  biology	
  laboratory.	
  
A	
  huge	
  thank	
  you	
  to	
  CCNY/MSKCC	
  and	
  The	
  Undergraduate	
  Research	
  Training	
  Program	
  
(COURT)	
  for	
  funding	
  the	
  project.	
  
Thank	
  you	
  	
  	
  to	
  my	
  all	
  lab	
  members	
  for	
  support,	
  especially	
  Dr.	
  Naoko	
  Shimada	
  and	
  Dr.	
  
Samira	
  Ziae	
  for	
  help	
  with	
  the	
  project.	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

iii	
  
	
  

	
  
ABSTRACT
ROS Modulation of Mitochondrial Fission and Fusion
By
Herman Kucharavy
Advisor: Dr. Karen Hubbard
Aging is a natural multifactorial process governed, influenced, and modified by a
combination of various genetic and biochemical systems in a close contact (Antonius and
Darinskas, 2002). There are several theories of aging (Asarian, and Zimmerman, 1999);
however, there is a theory that has gained enough support to become one of the leading ones.
The name to this theory is the Mitochondrial Theory of Aging. The Mitochondrial Theory of
Aging purposes that normal aging and age-related diseases result from damage to mitochondrial
DNA. The causes of this damage are Reactive Oxygen Species (ROS). ROS are free radical
molecules that contain oxygen. The most frequently formed ROS are superoxide anion, hydroxyl
radicals, and singlet oxygen. ROS are the by-product of normal cellular metabolism; moreover,
their source is located very close to mitochondrial DNA (mtDNA). Due to insufficiently
developed repair mechanisms of mtDNA, along with its location within the mitochondria,
mtDNA is a prime target for sustained ROS-induced damage. As mitochondria accumulate
irreparable oxidative damages, it causes mutations generated in mitochondrial genes, leading to
mitochondrial dysfunction and apoptosis (cell death). In postmitotic tissues, such as the heart and
brain or in tissue with high energy requirements, such as muscles, mitochondrial dysfunction has
a large impact on normal physiology and metabolism (Bohr 2002). These observations have led
to the formulation of the Mitochondrial Theory of Aging. Mitochondrial damage can lead to
diseases of the central nervous system, heart, skeletal muscles, kidney, and endocrine system.
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Previously, we and others have found that cells exposed to sublethal doses of hydrogen
peroxide (ROS source) had high levels of the mtDNA-common deletion (4977bp deletion)
(McDonald DG et al.,2002). This deletion is not only a common genetic mutation in the
mitochondrial genome, but it also serves as a marker for the presence of other small
mitochondrial mutations. The accumulation of this mutation induce apoptosis but also a
premature senescence (an irreversible cellular growth arrest) (McDonald DG et al.,2002).
Interestingly, however, we have found that cells exposed to naturally occurring antioxidants such
as lipoic-acid, acetyl-l-carnitine, and l-glutathione decreased the levels of the mtDNA-common
deletion. These results have led us to a question: Can oxidative damage in the mtDNA genome
alter the morphology of the mitochondrial structure?
We have found that in all tested cells except the KSS cells, oxidative damage in the mtDNA
genome altered the morphology of mitochondria. In addition we have found that the naturally
occurring antioxidants were able to reduce the levels of ROS during oxidative stress. We also
found that mitochondrial fission dominated in cells exposed to high levels of ROS. The addition
of antioxidants appeared to preserve mitochondrial fusion over mitochondrial fission. At the end,
we measured ROS levels in KSS cells with Kearns–Sayre syndrome that have abnormally high
levels of mitochondrial DNA common deletions, which cause genetically lethal mitochondrial
myopathy. We found that, in the KSS cells, the levels of ROS were only high in senescent cells
but not in premature senescent cells exposed to oxidative stress alone and with naturally
occurring antioxidants. Because these cells were derived from a 7-year-old, we propose that
compensatory mechanisms for scavenging ROS must be in place for postnatal survival.
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Introduction:
Cellular Senescence, Cancer, and Aging
Cellular senescence was first described by Hayflick as a state of irreversible cell cycle
arrest seen in cultured normal human fibroblasts after a limited number of cell divisions. This
phenomenon, often called the Hayflick limit or replicative senescence, is not specific to human
fibroblasts but is seen in many types of cells (Hayflick et al., 1961). Senescent cells exhibit
several characteristic features: irreversible growth arrest, flattened cellular morphology, enlarged
cytoplasm and nuclei, and senescence-associated heterochromatic foci (Campisi et al., 2007).
Positive staining for senescence-associated beta-galactosidase (SA-β-gal) activity is another
well-known feature of senescent cells, although SA-β-gal-positive cells have also been observed
in stress-induced conditions, unrelated to the state of senescence (Severino et al., 2000).
The most important key in the life span of a cell in a culture is the number of population
doubling (PD) (Hayflick, 1976). Some evidence suggests that the aging of cells in culture may be
related to the aging of the organism they were taken from (Barret, 1993). Replicative senescence
usually investigated in test cultures, where the growth and life span can be monitored.
There are four stages of cell cycle: Growth one (G1) phase where cells are getting ready
for DNA synthesis; Synthesis phase (S), DNA synthesis occurs; Growth two (G2) phase where
rapid cell growth and protein synthesis occurs in order to prepare the cell to undego mitosis (M).
In the complete cell cycle, in the presence of proper growth factors and mitogenic signals, cells
undergo another round of replication. When growth factors are removed they can exit the cycle
and enter a nondividing state termed as G0 (Marcotte and Wang, 2002). What’s interesting is
that quiescent cells exhibit transient and reversible growth arrest; senescent cells are arrested in
3	
  
	
  

the G1/G0 phase of the cell cycle and do not enter the S phase, even when they are treated with
strong mitogenic stimuli such as growth factors (Cristafalo et al., 1989; Campisi et al., 2007).
Replicative Senescence and Stress-Induced Premature Senescence
There are two types of cellular senescence: replicative senescence and stress-induced
premature senescence (Fig. 1). It has been proposed that replicative senescence is induced by
replication-dependent telomere shortening, which is unavoidable, usually due to lack of or low
telomerase activity in normal somatic human cells (Reddel RR et al.,2003). Consistent with
this, overexpression of hTERT, the catalytic subunit of human telomerase reverse transcriptase,
has been shown to prevent telomere shortening and to abrogate the senescence phenotype in
normal untransformed cells such as human retinal pigment epithelial cells and foreskin
fibroblasts (Takai et al., 2003). Conversely, inhibition of telomerase activity inhibits proliferation
and induces apoptosis of immortal transformed cells (Bodnar, et al., 1989). Although the
molecular mechanisms by which telomere shortening induces replicative senescence have not
been completely elucidated, the DNA damage response triggered by genomic dysfunction
appears to be crucial for replicative senescence (Bodnar et al., 1989; Taka et al., 2003). In
addition, cell cycle proteins regulating mitosis are also altered during cellular senescence. In this
context, cyclins and cyclin-dependent kinesis (cdKs) that allow the cell to go into G2 and M
stages of the cell cycle are down-regulated or not expressed (Cristofalo et al., 1998; Hubbard and
Ozer, 1999).
Senescent cells have high expression of lysosomal enzymes including the senescentassociated biomarker, Beta-galactosidase (SA Beta-gal; Khristina et al., 1999). The beta-gal
assay provides in situ evidence that senescent cells may exist and accumulate with age in vivo
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(Dimiri et al., 1995). Human diploid fibroblast cells (HDFs), when exposed to various types of
oxidative stress, display a senescent-like phenotype called “stress-induced premature
senescence” (Chen et al., 2001). Sublethal oxidative stress has been used to induce and study the
onset of biomarkers of cellular senescence. These include UV light, hydrogen peroxide, and so
on (Dumont et al., 2000). Cells in replicative senescence share common features with cells in
premature senescence: They are both morphologically large and flat and show senescenceassociated Beta-galactosidase activity, cell cycle regulations, gene expression (both can
accumulate p21 and contain hypophospholyrated Rb) and telomere shortening (Golubev et al.,
2001). Figure 1 below provides a short summary of series of damages to cell’s structure leading
stress responses such cell death (apoptosis) or senescence featuring with morphological
distinctions such as flattering morphology, enlarged cytoplasmic nuclei and the presence of
senescence-associated heterochromatic foci.

Image source:	
  http://cubocube.com/dashboard.php?a=346&b=481&c=1
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Cellular Senescence and Cancer
Cancer is widely known to be a disease that is triggered by the accumulation of multiple
genomic mutations in cells that suffer mainly from various stressors, inducing DNA damage
(Fundia AF et al.,2009). Apoptosis is one of the tumor-suppressive mechanisms that eliminate
such damaged cells (d’Adda di Fagagna et al., 2003). Accumulating evidence suggests that
cellular senescence also plays a critical role in tumor suppression. Mice deficient in p53, a major
tumor suppressor with diverse functions, including induction of cellular senescence, have been
shown to be susceptible to spontaneous tumorigenesis (Reed, 1999). Recently, it has been
demonstrated that tumorigenesis upon inactivation of another tumor suppressor, PTEN, in the
prostate, is suppressed through p53-dependent cellular senescence (Das R et al.,2014). In this
model, combined inactivation of PTEN and p53 elicits early onset of invasive prostate cancer,
indicating the critical role of cellular senescence in tumor suppression (Donehower et al., 1992).
Moreover, it has been shown that telomere dysfunction-induced cellular senescence suppresses
tumor progression by a p53-dependent mechanism (Chen et al., 2005; Cosme-Blanco et al.,
2007).
In addition, growth-inhibitory proteins such as cyclin-dependent kinase (cdk) inhibitors
p21, p14, p16, and tumor suppressor p53 are overexpressed in senescent cells (Dimiry et al.,
2000; Stein et al., 199). The cdK inhibitor p21 can mediate the G1 cell cycle arrest by elevated
p53 (Chen et al., 1998). Together, these findings strongly suggest that cellular senescence, as
well as apoptosis, contributes to tumor suppression (Feldser and Greider, 2007; Finkel et al.,
2007).
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Cellular Senescence and Aging
In addition to the beneficial role of cellular senescence in tumor suppression, possible
harmful roles of cellular senescence have also been proposed. It has been reported that agedependent accumulation of senescent cells exhibiting an increased expression of the INK4 family
protein p16INK4a and positive SA-β-gal staining is observed in islet β-cells and forebrain
progenitor cells (Collado et al., 2007; Zindy et al., 1997). Accompanying these changes is a
gradual decline in the integrity and function of these tissues, including islet regeneration and
neurogenesis (Krishnamurthy et al., 2006). Moreover, accumulated senescent cells often secrete
several cytokines and growth factors, which may promote transformation of neighboring cells
(Molofsky et al., 2006; Krtolica et al., 2001). Cellular senescence may thus facilitate the
development of late-onset cancer and trigger age-related diseases (Feldser and Greider, 2007;
Finkel et al., 2007).
In terms of aging, there are two major theories aiming to explain the basis of cellular
senescence. One is the error catastrophe or damage model, which describes the random
accumulation of damage mutations in DNA, RNA, or proteins. It suggests that senescence
caused by altering gene expression and protein function leading to the loss of proliferative
capacity (Maciera-Coelho et al., 1988).
The second theory concentrates upon genetic model, which describes senescence as a result
of developmental plan (Pignolo et al., 1993). It suggests that, for a certain number of cell
divisions, telomeres become shorter to a degree that they trigger a cell cycle checkpoint, and this
signal forces the cell to enter into senescence (Hornsby et al., 2002).

7	
  
	
  

Telomeres (TTAGGG) are repeated sequences that are required for chromosomal stability.
Its presence is crucial for normal DNA replication (Zakian, 1995). As DNA replicates, the
sequence gets shorter every time. In human somatic cells in a presence of standard conditions in
vitro, telomeres shorten with each cell division (Bryan et al., 1997). When telomeres in cells
reach a critical short length of less than 5Kb, cells start to demonstrate the signs of genomic
instability and division arrest (Blackburn, 1992). At this point, the Rb and p53 pathways become
activated and trigger irreversible growth arrest (Gorkavtsev et al., 1998; Vonzglinicki et al.,
2001). Therefore, the most widely accepted interpretation for the biological function of cellular
senescence is that this mechanism helps to restrict cancer progression (Wright and Shay, 2001).
Mitochondria
Mitochondria, first seen by German biologist Rudolph Kolliker, is the term that describes
“thread-like granule.” This organelle, found in virtually all aerobic cells of eukaryotes, is a
prominent feature of many cells. The number of mitochondria in every cell varies, ranging from
one or a few per cell in lower organisms to up to several hundred or even thousands per cell in
some tissues of higher plants and animals (Ribi I et al.,1966). Also, mitochondria occupy a
substantial portion of the cytoplasmic volume of eukaryotic cells (Fieni F et al.,2012).
The function of mitochondria in a cell is very crucial. Specifically, it provides the cells
with ATP molecules, which are a source of energy for the cell. In fact, mitochondria are
clustered within regions of cells which have high metabolic activity, where ATP demand is the
greatest (Crecelius AR et al.,2013). This association is beneficial and allows minimization of the
distance between the site of ATP production and its utilization. As discussed previously, the
number of mitochondria depends on how metabolically active the cell is. An example of that is a
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high amount of mitochondria in muscle cells, which demand large amounts of ATP for muscle
contraction (Karp et al., 1996).
Interestingly enough, mitochondria are similar in size to bacteria. The body of evidence
suggests that this organelle has evolved from bacteria that lived within other cells by the means
of symbiosis (Gaweda-Walerych K et al., 2013). Phylogenetic analyses showed that Rickettsia
Prowazekii, which is Alpha-proteobacteria, is the closest relative of the ancestor to mitochondria
(Anderson et al., 1998).
Mitochondria have inner and outer membranes, which also serve as their distinctive
feature (Gaweda-Walerych K et al., 2013). The outer membrane encloses the mitochondrion and
allows for passage of small molecules and ions. In contrast, the inner membrane is not permeable
to most solutes. The inner membrane has the presence of the transport proteins, which are
necessary to facilitate the movement of solutes such as pyruvate, fatty acids, ATP, ADP across
the membrane, electron transport, and ATP synthesis. The inner membrane also contains inner
infoldings, termed cristae, whose goal to increase the surface area availability in order to house
all necessary components for aerobic respiration (Becker et al., 1996).
The interior of a mitochondrion is filled with a semifluid matrix. This matrix contains
enzymes involved in mitochondrial function as well as the double-stranded circular DNA
molecules (mtDNA) and ribosomes that give this organelle the ability to produce some of its
own proteins (Friedman JR et al., 2014). Mammalian mtDNA is a molecule of about 16,000
nucleotide pairs that code for 2 r-RNA, 22 t-RNAs, and 13 proteins (Gadaleta et al., 1998).
If mitochondria did not exist within animal cells, then these cells would be dependent on
an aerobic glycolysis for all of their ATP production. When glucose is converted to pyruvate by
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glycolisis, it gives only a small fraction of the total energy available from the glucose to be
released (Friedman JR et al., 2014). However, within the mitochondria, pyruvate is oxidized,
and this allows 15 times more ATP to be produced as opposed to glycolysis alone (Alberts et al.,
2002). Aerobic respiration has two major stages: the tricarboxylic acid (TCA) cycle and the
electron transport chain. In the TCA cycle, the oxidation of glucose that started out with
glycolysis is completed. As glucose is oxidized, NAD+ is reduced to NADH. In the electron
transport chain, NADH is used to make ATP (Holt et al., 1988; Rinehart et al., 1999).
The respiratory chain includes three enzyme complexes placed onto the inner membrane.
Each among these complex functions is an electron-transport-driven H+ pump.
•

The NADH dehydrogenase complex (Complex I)

•

Cytochrome b-c1 complex

•

Cytochrome oxidase complex

The cytochrome oxidase reaction is estimated to account for 90 percent of total oxygen
uptake in the cell (Alberts et al., 2002).
Interestingly, mitochondrial genome of the embryo is of maternal origin only and
transmitted from mother to all progeny. Only females are able to pass its mitochondrial
genome to the next generation.
Mitochondrial Fission and Fusion
Mitochondrial fission and fusion are the morphologies involved in the maintenance of
functional mitochondria during the time when the cell experiences metabolic or environmental
stresses (Babbar M et al., 2013). Fusion can alleviate stress by mixing up the contents of partially
damaged mitochondria with the content of normal, healthy mitochondria. On the other hand,
10	
  
	
  

mitochondrial fission plays a role in creating new mitochondria, and it also enables the removal
of damaged mitochondria and can induce apoptosis during high levels of cellular stress (Babbar
M et al., 2013). The disruption in the balance between mitochondrial fission and fusion can affect

normal development and was suggested as being one of the causes of neurodegenerative
diseases, such as Parkinson’s (Esteves AR et al., 2013).
In terms of the proteins that participate in fission and fusion, both are mediated by large
guanosine triphosphatases (GTPases) in the dynamin family that are well conserved between
yeast, flies, and mammals (Hoppins et al., 2007). Fission is mediated by a cytosolic dynamin
family member. Drp1 gets recruited from the cytosol of the cell and eventually forms spirals
around mitochondria that constrict to sever both the inner and outer membranes (Gillies LA et al.,
2014).

Fusion between mitochondrial outer membranes is mediated by membrane-anchored
dynamin family members Mfn1 and Mfn2 in mammals (Gillies LA et al., 2014). Fusion between
mitochondrial inner membranes is mediated by a single dynamin family member, Opa1 in
mammals (Gillies LA et al., 2014).. Mitochondrial fission and fusion machineries are regulated by
proteolysis and posttranslational modifications (Hoppins et al., 2007).
Mitochondrial fission and fusion are essential for both growing cells to ensure adequate
numbers of mitochondria for the cell’s survival and for nonproliferating cells. It is less clear why
fission and fusion are needed for nonproliferating cells, but their importance can be observed in
nonproliferating neurons, which cannot live without mitochondrial fission, and in human
diseases, such as dominant optic atrophy and Charcot Marie Tooth disease type 2A, where the
causes are defects in mitochondrial fusion (Ranieri M et al.,2014).
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Fusion is needed for embryogenesis (Ranieri M et al.,2014). It was shown that Mfn1 and
Mfn2 knock-out mice could die in utero at midgestation because of a placental deficiency; the
double knock-out mice for these two proteins could die even earlier in development (Chen and
Chan, 2010). However, mouse embryo fibroblasts (MEFs), which were extracted from the
double knock-out mice, can survive in culture in a complete absence of fusion. However, some
of their mitochondria could show a reduced mitochondrial DNA (mtDNA) copy number and lose
membrane potential, leading to problems with adenosine triphosphate (ATP) synthesis (Chen,
Chomyn, et al., 2010). As a result, mitochondrial fusion is not absolutely essential for cellular
survival in vitro; however, it is critically needed for embryonic development and for the cellular
survival at later stages in development (Chen, Chan, et al., 2010).
When the cell receives a significant amount of damage to its mitochondrial system and in
particular to mtDNA, there are ways it can protect the system. Fortunately, mitochondria with
damaged mtDNA can still fuse with other healthy mitochondria in the same cell, which allows
for mitochondria to compensate for defects in mitochondria with damaged DNA by sharing
components with healthy mitochondria as long as the rate of mutation and damage to the system
remain below 80 to 90 percent per cell (Nakada et al., 2001; Yoneda et al., 1994). By doing this,
mitochondrial fusion allows maximization of the oxidative capacity of the cell in response to
toxic stress, as long as the stress does not exceed the critical threshold and remains below it
(Nakada et al., 2001; Yoneda et al., 1994). The maximization of the oxidative capacity can be
used in stressful conditions. For example, during starvation, the organism experiences stress. As
a result, cells can enhance fusion through an increase in reliance on oxidative phosphorylation
through the metabolism of lipids and proteins (Rossignol et al., 2004.). On the other hand,
starvation may induce a specific stress response called stress-induced mitochondrial hyperfusion
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(Tondera et al., 2009), or it may inhibit fission in order to protect mitochondria from autophagic
catabolism when they are most needed (Gomes et al., 2011; Rambold et al., 2011). Each of these
is a part of the model in which mitochondrial dynamics can help to maximize the capacity for
oxidative phosphorylation in the presence of stressful conditions (Fig. 1).
Overall, during stress, whether it is environmental or intracellular damage to the
mitochondria and its DNA, fusion helps by compensating for another’s defects by sharing
components to ensure that there is enough energy output in the face of stress. However, when a
certain level of damage is reached, where the repair of these organelles cannot be done, then
mitochondria are eliminated (Giordano S et al., 2014).
Fission segregates the most seriously damaged mitochondria in order to preserve the
health of the mitochondrial network. Fission also participates in the regulation of mitochondrial
morphology and the facilitation of mitochondrial trafficking (Babbar M et al., 2013).. This
constantly changing mitochondrial fusion and fission cycle was proposed as the balance of two
competing processes, which compensate for damage by fusion and elimination of damage by
fission. Failure of these stress responses and fission and fusion balance may lead to neuron death,
neurodegenerative disorders, and mitochondrial disorders (Ranieri M et al.,2014).
Oxidative Damage and the Free Radical Theory of Aging
The free radical theory of aging proposes that normal aging and age-related disease
results from damage done to tissues by oxidative stress, which is caused by reactive oxygen
species (ROS). During 1950s, it was proposed that free radicals produced during the process of
aerobic respiration caused an accumulation of oxidative damage that resulted in aging and death
(Ivanova DG et al., 2013)
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ROS are formed continuously during the process of normal cellular metabolism. The
pathways involved in ROS production are peroxisomal metabolism, enzymatic synthesis of nitric
oxide, phagocytic leukocytes, heat, ionizing radiation, therapeutic drugs, and so on. The most
frequently produced ROS are hydrogen peroxide, singlet oxygen, and hydroxyl radicals (Bohr et
al., 2002). As the accumulation of somatic damage is now beginning to be considered as one of
the main causes of the aging process in different species, including humans, and as ROS is
among the various sources of somatic damage, free radicals as ROS are beginning to be
considered as the ultimate cause of aging.
One of the main targets of ROS is DNA. More than 100 different types of oxidative DNA
lesions have been studied, such as base modification to single- and double-strand DNA breaks
and inter-strand cross-links (Hasty et al., 2003). Tissues from aged individuals accumulate
oxidative damage in their DNA, proteins, and lipids as a result of attacks by ROS, especially
hydroxyl radicals that, by attacking DNA, cause formation and accumulation of 8-oxo-2deoxyguanosine (oxo8dG) and other potentially mutagenic adducts (Toussaint et al., 2000).
To protect against DNA damages, organisms implement a complicated network of DNA
damage repair mechanisms. As a result, the repair mechanisms such as base excision repair,
transcription-coupled repair, and nucleotide excision repair possess great importance against
ROS-induced damage.
ROS also have the ability to induce DNA double-strand breaks, which can be repaired by
homologous recombination (Hasty et al., 2003). The accumulation of mutations in organs and
tissues during aging could lead to various diseases. Two major cellular responses to oxidative
stress in mammals are apoptosis (programmed cell death) and cellular senescence. Both of these
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cellular responses function as natural protection against cancer, eliminating severely damaged
cells. However, increased loss of functional cells, which were normal before facing ROS
damage, could result in symptoms of aging (Hasty et al., 2003).
ROS is produced during normal metabolism when oxygen is used and during certain
illnesses in response to toxins and trauma. In an excited state, ROS are highly reactive. In order
to stabilize themselves, they capture electrons from nearby molecules. ROS convert other
molecules to free radicals, thereby initiating a destructive chain reaction (Borek et al., 1999).
New free radicals are created in greater proportions with a resultant increase in cell damage.
Thus, the chain reaction continues and can be more than thousands of events long (Golfarb et al.,
1999). Examples of ROS include: super oxide anion (O2-), the hydroxyl radical (OH-), singlet
oxygen (O2), and hydrogen peroxide (H2O2).
Superoxide anions form when oxygen gains an additional electron, leaving the molecule
with only one unpaired electron. In mitochondria, superoxide anion is produced continuously,
and the rate of its formation is dependent upon the amount of oxygen flowing through
mitochondria at any point in time (Halliwell and Gutteridge, 1985). In addition, oxygen acts as
the terminal electron acceptor in the electron transport chain (ETC). The body of evidence
suggests that somewhere from two to five percent of the total oxygen consumption during rest or
exercise periods the ability to form damaging superoxide radicals via escape from the ETC at the
ubiqunone-cytochrome c level (Sjödin et al., 1990).
Hydroxyl radicals are short-lived but highly damaging radicals. Hydrogen peroxide is
produced in vivo by many reactions as well, and it also can be converted to highly damaging
hydroxyl radicals, or it also can be catalyzed and excreted harmlessly as water (Alession et al.,
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1997). Specifically, glutathione peroxidase is needed to convert glutathione to oxidized
glutathione, during which H2O2 is converted to water (Alerssio and Blasi, 1997). If H2O2 is
unable to be converted into water, then singlet oxygen is formed.
Singlet oxygen is not considered to be free radical but is produced during radical
reactions, and because oxygen can be energetically excited, it also can cause further reactions.
An example is UV radiation-induced mtDNA deletions caused by generation of singlet oxygen
(Berneburg et al., 1999). Under normal conditions, the organism is able to eliminate the damages
done by ROS by using the DNA damage repair system or natural antioxidant enzymes. However,
when the organism ages, the production of natural antioxidants decreases along with efficiency
of repair mechanisms, and the ability to repair ROS damage diminishes. As a result, this would
lead to cellular growth arrest or induction of signal transduction pathways accompanied with
replication errors and genetic mutations. Damage done by ROS to genomes and mtDNA may
contribute to cancer and aging (Bohr et al., 2002).
Mutated genes usually encode nonfunctional proteins, which have the ability to disrupt
biochemical or signaling pathways leading to the organism’s pathological state. ROS can attack
proteins and modify them. Oxidized proteins may not function properly. This includes proteins
with a high percentage of sulphydryl groups, such as the myosins, creatine kinase, and some
ATP-molecules that are sensitive to ROS damage. In addition, transcription factors may contain
redox-sensitive sites that can be susceptible to oxidative damage as well (McArdle et al., 2002).
Overall, the oxidative damage done by ROS plays an important role in the pathogenesis of many
common disorders such as coronary heart disease or cancer. It also plays a role in aging
processes and stress responses in the modulation of aging (McArdle et al., 2002).
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Mitochondrial Deletion
For the past several years, there has been a substantial rise in evidence supporting the
hypothesis that mitochondrial dysfunction and activity decline are important factors in aging.
The evidence demonstrates that mutations in mitochondrial genes result in degenerative diseases
of the central nervous system (CNS), heart, skeletal muscles, kidneys, and endocrine system.
These diseases occur mostly in elderly populations partly because the mitochondria
responsible for the majority of the cellular energy, and at the same time, it is the primary source
of endogenous free radicals that cause unrepairable decline of its function with time (Wallace et
al., 1996).
As discussed previously, one of the main targets for ROS is DNA. Nuclear and
mitochondrial DNA (mtDNA) constantly get exposed to damaging agents from various sources.
ROS are produced during normal cellular metabolism via oxidative phospholyration (OXPHOS),
and mitochondria are the main site of ROS production. Because mtDNA is located in close
proximity with OXPHOS and lacks repair mechanisms as opposed to nuclear DNA, thus mtDNA
is at higher risk of damage from ROS. Specifically, mtDNA is not protected by histone-like
proteins; deficiencies in repair systems and genetic information are tightly packed on the mtDNA
molecule, and any mutational changes have devastating effects (Yakes and Van Houten, 1997).
An example of ROS attacking mtDNA could be the superoxide anion. As was mentioned,
superoxide anion is a by-product of OXPHOS, generated by the transfer of electrons from the
ETC directly to O2. Superoxide anion can also be converted to H2O2, and H2O2 in the presence of
transitional metals can be converted into highly reactive hydroxyl radicals (OH-).
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Multiple observations support that one of the major causes of aging is damage done to
mitochondria by ROS. It led to the development of the Mitochondrial Theory of Aging, which is
tightly related to the free radical theory of aging. This theory states that DNA damage and
mutations accumulate in the mitochondrial genome, resulting in mitochondrial dysfunction and
apoptosis when the proportion of mutant mtDNA exceeds a critical threshold concentration
(Chinnery et al., 2002). In postmitotic tissues, such as the heart and brain, and in tissues with
high-energy requirements, such as muscles, mitochondrial dysfunction has a large impact on
their physiology and function performance, especially with age. During aging, the capacity in
defense against ROS gets diminished (Bohr et al., 2002; Toussaint et al., 2000). The
accumulation of damaged and mutated mtDNA caused by ROS with age has become the basis of
Mitochondrial Theory of Aging (Lenaz et al., 1998). One of the most frequent mutation that
happens as a result of ROS damages is the 4977 base pair deletion, also called the common
deletion; this common deletion is also considered to be a bio-marker for the presence of other
mutations in the mitochondrial genome that are not as frequent.
The common deletion is considered to be the product of an intragenomic recombination,
triggering recombination between repeats which takes place between two 13bp direct repeats in
position 8470-8482 and 13447-13459, respectively, on mtDNA (Koch et al., 2001). The common
deletions have been identified in mitochondrial diseases (Holt et al., 1988; Schon et al., 1989). It
was also found that these deletions accumulate during normal aging (Linnare et al., 1990; CoralDebrinski et al., 1991).
The deleted fragment representing the mitochondrial common deletion mutation is
composed of five tRNA genes involved in mitochondrial gene expression and seven protein
coding genes involved in OXPHOS (Helen A.L. et al.,2010). Specifically, four genes for
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subunits of Complex I, one gene for Complex IV correlative, two genes for complex V, and five
genes for tRNA parallel the respiratory enzymes affected in diseases such as the Kearn-Syre
Syndrome (KSS) (Shoffner et al., 1989). Several studies on the common deletions have
supported an age-related accumulation in various tissues. The highest levels of common
deletions have been found in highly oxidative, postmitotic tissues, in particular skeletal muscles,
and the heart and brain (McArdle et al., 2002).
Overall, the Mitochondrial Theory of Aging suggests that the presence of abnormal
mitochondria with high levels of mitochondrial DNA common deletions caused by ROS lead to
tissues with inefficient functioning and ATP deficiency, may play a major role in the physiology
and structural changes in aged mammals.
Mitochondrial Diseases
Mitochondrial disorders cause inadequate energy production. The acquiring disorder can
be the result of inherited genetic mutations, somatic mutations, toxin exposure, and the aging
process itself (Gold and Cohen, 2001). These diseases mostly affect the nervous system but also
can affect any organ or tissue that is postmitotic at birth (i.e., in which the cells have stopped
dividing), including the muscles, liver, kidneys, heart, eyes, endocrine system, and so on. It is
known that all of the mitochondria and the mtDNA come from the ovum itself. If a percentage of
these mtDNA carry defects, when the ovum divides, one of the daughter cells may receive more
of the defective mtDNA, and the other may receive less. With successive cell divisions, the
defect may become concentrated in one of the developing organs or tissues. If defective mtDNA
becomes concentrated in any given organ, the more severe the disease manifestations can be
(Shoffner and Wallance et al., 2000).
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Because mitochondrial mutations accumulate with aging, postmitotic tissues such as
those in the brain, muscles, nerves, or kidneys are more vulnerable. They all have high demand
for energy, and their diseased cells cannot be replaced by healthier neighboring cells by a process
that occurs in tissues such as skin or mucosa (Wallace et al., 1999).
In chronic ischemic heart disease, the levels of the 5Kb deletions (common deletions)
have been found to be elevated between seven and up to 2,200 folds (Richter and Parks, 1988).
In Alzheimer’s disease (AD), patients who died before the age of 75 had approximately 15 fold
higher levels of the common deletions in the cerebral cortex than the aged control group (CorralDebrinski et al., 1994). An increased level of mtDNA deletions was also found in Huntington’s
diseased (HD) brains (Horton et al., 1995).
The following is the list of some of the mitochondrial diseases (Clevelend Clinic Journal of
Medicine, 2001):
Disease: Leber hereditary optic neuropathy
Key features: Visual loss at the beginning of young adulthood
Other features: Wolff-Parkinson-White syndrome, multiple sclerosis-type disease

Disease: Mitochondrial encephalo myopathy, lactic acidosis, and stroke-like syndrome
(MELAS)
Key features: Varying degrees of cognitive impairment and dementia, lactic acidosis, strokes,
and transient ischemic attacks
Other features: Hearing loss, dysmotility, weight loss

Disease: Myclonic epilepsy and ragged-red fibers (MERRF)
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Key features: Progressive myclonic epilepsy, clumps of diseased mitochondria accumulate in the
subsarcolemmal region of the muscle fiber and appear as “ragged-red fibers” when muscle is
stained with modified Gomori tichrome stain
Disease: Kearns-Sayre syndrome (KSS)
Key features: External ophthalmoplegia, cardiac conduction defects, and sensory-neural hearing
loss
Disease: Myoneurogenic gastrointestinal encephalopathy
Key features: Gastrointestinal pseudo-obstruction, neuropathy mutation associated with
phenotype, thymidine phosphorylase deficiency

Kearns-Sayre Syndrome (KSS)
KSS syndrome is another related neuromuscular disorder, where most of the patients
have large deletions in their mitochondrial genomes. The mitochondrial common deletions has
been found in more than a third of all patients who have been examined. KSS is characterized by
three primary observations: progressive paralysis of certain eye muscles; abnormal accumulation
of pigmented material on the nerve-rich membrane lining the eyes (atypical retinitis pigmentosa),
leading to chronic inflammation, progressive degeneration, and wearing away of certain eye
structures (pigmentary degeneration of the retina); and heart disease (cardiomyopathy) such as
heart block. Other symptoms and findings may include muscle weakness, short stature, hearing
loss, or the loss of ability to coordinate voluntary movements (ataxia) due to problems affecting
part of the brain (cerebellum). KSS belongs to a group of rare neuromuscular disorders known as
mitochondrial encephalomyopathies. Mitochondrial encephalomyopathies are disorders with
defects in genetic material rising from a part of the cell structure that releases energy
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(mitochondria), causing the brain and muscles to function improperly. KSS also shows low
activity of NADH dehydrogenase, cytochrome c reductase, succinate-cytochrome c reductase,
and cytochrome c reductase, four enzymes of the mitochondrial respiratory chain containing
subunits encoded by mitochondrial DNA (Moraes et al., 1989). Overall, the accumulation of
mtDNA mutations, which leads to decline in mitochondrial energy production, can be a common
feature of degenerative disease and aging.
Antioxidants and Mechanisms of Action on Mitochondria
Antioxidants are a good defense system against free radicals such as ROS because they
are willing to give up their own electrons to ROS. As ROS gain electrons from antioxidants, they
no longer need to attack the cell, and as a result, the chain reaction of oxidation is broken
(Dekkers et al., 1996). Once the antioxidant gives up its own electron, it becomes a free radical
by definition. However, what makes it separate from ROS is that antioxidants are not harmful as
they have the ability to accommodate the change in electron number without being reactive (Zuo
L et al., 2013). Therefore, antioxidants are chemical substances that can donate an electron to
free radicals such as ROS and convert them to harmless molecules. By doing this, they are able
to protect cells from the oxidative damage, that leads to aging and aging-related diseases
The defense mechanism that antioxidants utilize include removal of O2-scavenging
reactive oxygen/nitrogen species or their precursors, inhibition of ROS formation, binding of
metal ions needed for the catalysis of ROS generation, and up-regulation of endogeneous
antioxidant defense (Gilgun-Sherki et al., 2001). The protective effectiveness of antioxidants
depends upon the type of ROS that is generated, the place of generation (body barriers such as
the blood brain barrier that reduce access of most antioxidants to brain), and the severity of the
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damage (Halliwell et al., 1997). Although antioxidants are important defense system against
ROS, only some minority of these molecules such as glutathione are synthesized by the cell. The
rest of the majority of this group of antioxidants, including vitamin C or carotenoids, are
obtained from dietary sources (Shohami et al., 1997).
Alpha-Lipoic Acid
The lipoic acid, also called as thiotic acid, is a sulfur-containing substance, which is a
cofactor in important energy-producing reactions found in most prokaryotes and eukaryotes
(Busby et al., 1999) as well as in plant and animal tissues (Herbert and Guest et al., 1975).
Specifically, lipoic acid covalently attaches through carboxylic acid to lysine residues and forms
lipoamide in the pyruvate dehydrogenase complex (Reed et al., 1996). Lipoic acid is crucial in
the process of formation and synthesis of acetyl COA used in the citric acid cycle.

Image source: http://www.benbest.com/nutrceut/lipoic.html
Figure2: The structure of lipoic acid and DHLA.
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This compound is made endogenously in organisms such as humans. The particular
details about lipoic acid synthesis remain under investigation and are not fully understood yet.
However, what is known is that the eight-carbon unit in lipoic acid, which derives from octanoic
acid, needs to undergo two carbon-sulfur bond formations on the way to lipoic acid (Perham et
al., 1991). In addition, lipoic acid can be reduced to form the metabolite dihydrolipoic acid
(DHLA). DHLA reacts with ROS such as superoxide radicals, hydroxyl radicals, peroxyl
radicals, and singlet oxygen (Pecker et al., 1995).
Both DHLA and lipoic acid can provide protection from ROS. They can also protect
cellular membranes by interacting with vitamin C and glutathione. DHLA, on the other hand, has
the capacity to regenerate some of the endogenous antioxidants, such as glutathione (Biewenga
and Haenen, 1997).
Lipoic acid participates in most metabolic reactions that occur in mitochondria. Alphalipoic acid administration has been shown to be beneficial in a number of oxidative stress models
such as ischemia-reperfusion injury, diabetes, cataract formation, neurodegeneration, radiation
injury, and so on. Moreover, alpha-lipoic acid may function as a regulator of reduction of
proteins such as myoglobin, prolactin, thioredoxin, and NK-Kappa transcription factor (Packer
and Cadenes, 2011).
Acetyl-L-Carnitine (ALC)
ALC is a natural water-soluble substance, which is present in human body, in muscles,
and in the brain in particular. ALC is an ester and an acetylated, high-energy form of L-carnitine.
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Image source:	
  http://lpi.oregonstate.edu/infocenter/othernuts/carnitine/structure.html
Figure 3: The structure of acetyl-l-carnitine.
This antioxidant is involved in metabolic and energy transfer by promoting the admission of
acetyl COA during the fatty acid oxidation to the mitochondria (Bowman, 1992). ALC can also
enhance the function of citochrome oxidase (essential enzyme of the electron transport system in
mitochondria). A body of literature has suggested that, in combination with acetyl-l-carnitine and
alpha-lipoic acid, researchers were able to partially reverse age-related decline in average
mitochondrial membrane potential, increase consumption of cellular O2, and improve cellular
metabolism (Hagen et al., 2002).
Studies have shown that, by giving old rats ALC as a diet supplement, it restored their
tissue levels of free radicals to the levels of younger rats (Atamma et al., 2002, Liu et al., 2002).
The administration of ALC resulted in a reversion of liver and heart mitochondria to more
youthful states (Liu et al., 2002).
L-Glutathione
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Image source:	
  http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1200803.htm
Figure 4: The structure of l-glutathione.
L-glutathione (GSH) is a tripeptide water-soluble antioxidant that consists of the three
amino acids, glutamine, cysteine, and glycin (Richman and Meister, 1975). L-glutathione is
found in the cells of nearly all living organisms and is absolutely essential for life (Meister and
Anoieusin, 1983). The highest levels of glutathione are found in the liver, spleen, kidneys, and
pancreas. The lens and cornea of the eye have large amounts of glutathione as well as lungs,
heart, and central nervous system (CNS). Glutathione has multiple functions such as serving as
an antioxidant, protector of red blood cell integrity, and transporter of various proteins
(Lomaestro and Malone, 1995).
There is also an oxidized state of glutathione (GSSH). It does not scavenge in the
oxidized state, but it does in a reduced state (GSH); that is why the balance between GSSH and
GSH is tightly regulated within the body. However, when stresses like free radicals come into
play, they may disrupt the regulated balance and cause cellular damage (Taylor et al., 1996). In
order to ensure protection of cells and their DNA, the concentration of the amount of GSH need
to be at a certain redox potential. Usually, a healthy cell has a redox potential of 400:1. If that
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potential ratio gets diminished, then the cell and its DNA may be damaged. If the amount of
GSH becomes equal to amount of GSSH, then cells may die.
Mechanisms of actions of the three studied substances on mitochondria and ROS:
L-Glutathione:
•

Scavenges superoxides, hydrogen peroxide, and hydroxyl radicals.

•

Helps to regenerate vitamin C.

•

Detoxifies from heavy metals.

•

Protects red blood cell integrity and helps transport various proteins.

Alpha-Lipoic Acid

•

Scavenges superoxide radicals, hydroxyl radicals, peroxyl radicals, singlet
oxygen, and so on.

•

Helps in the transfer of acyl groups between pyruvate dehydrogenase and alphaketoglutarate dehydrogenase multienzyme complexes.

•

Participates in the oxidation of pyruvate and alpha ketoglutarate.

Acetyl-L-Carnitine

•

Involved in metabolic and energy transfer.

•

Enhances the function of cytochrome oxidase.

•

Shuttles long-chain fatty acids between cytosol and mitochondria.

•

Decreases the level of malondialdehyde (a by-product of lipid peroxidation).
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Materials and Methods:
Staining for ROS
Cells were cultured in 10 ml dishes. Upon reaching of 100% confluence, the cells were
seeded onto four-well chamber slides (Fisher Scientific, Suwanee, GA) at a density of 1X10⁴ and
0.5X10³ cells/ml per chamber, respectively. After a 24-hour incubation period, they were next
challenged with 50 µM hydrogen peroxide (H₂O₂) (Fisher Scientific) and 500 µM of three
naturally occurring antioxidants, lipoic acid (Fisher Scientific), l-glutathione (Alfa Aesar), and
acetyl-l-carnitine (MP Biomedicals) at the same time. Then cells were incubated for 1 hour
without CO₂ at 37°C. In the next step, cells were washed two times with 1X PBS buffer solution.
To measure ROS, cells were treated with MitosoxRed, a superoxide anion, and hydroxyl radical
indicator (Molecular Probes, Eugene, OR), followed by 10 min. incubation at 37°C without CO₂.
In the following step, the cells were washed two times with 1X PBS buffer solution and mounted
with Gold Antifade reagent with DAPI (Molecular Probes, Eugene, OR). Slides were prepared
and analyzed using a fluorescent microscope under 40X magnification. In the final step, the data
was quantified. Specifically, as our tested cells were treated with the ROS specific fluorescent
dye, the light intensity that came out of the cells indicated the ROS presence. To express that
observation numerically, we measured the average fluorescence light intensity coming from cells
in each of our tested groups
Beta-Gal Staining
All cultured cells were planted in 2 ml dishes overnight. On the next day, cells were fixed
using 4% paraformaldehyde for 20 min and washed 2X with 1X PBS for 5 min. Before removing
the last wash, 20 mg/ml of X-gal in dimethylformamide (DMF) was added to a staining solution
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containing a 0.2M citric acid/Na phosphate buffer, 100mM potassium ferrocyanide, 100mM
potassium ferricyanide, 5M sodium chloride, 1M magnesium chloride, and dH₂O. Once the last
wash was removed, and the staining solution was added. Plates were wrapped in parafilm and
aluminum foil and incubated overnight in a 37°C incubator. On the next day, the staining
solution was removed, and cells were washed 3X for 5 min. Beta-gal positive cells were
identified using the light microscope at 20X magnification.
Mitochondrial Staining
Cell culture were seeded into four-well chamber slides (Fisher Scientific, Suwanee, GA)
at a density of 1X10⁴ and 0.5X10³ cells/ml per chamber, respectively, and incubated in 5% CO₂
overnight. On the next day, the cells were fixed using 4% paraformaldehyde for 20 min. Cells
were then washed 3X for 5 min. in 1X PBS. 0.1% Triton-X-100 in PBS (PBS-T) was added for 5
min and followed by incubation at 37°C using blocking solution containing 10% BSA
(Calbiochem) in PBS-T. The primary antibody for OPA-1 (BD biosciences) was added (1:100
dilution), and incubated in 4°C overnight. On the next day, cells were washed 3X for 5 min. each
in 1X PBS and 0.1% Tween-20. A secondary antibody (Invitrogen) was added to samples at a
1:250 dilution, and incubated at 37°C for 1 hour. Then, cells were washed 3X for 5 min,
followed by incubation with 200 nM CMXRos dye (Invitrogen) for 15 min. in 37°C. Samples
were washed 3X for 5 min in 1X PBS. Antifade reagent with 4’,6-diamidino-2-phenylindole
(DAPI) (Invitrogen) was added, and mitochondria were analyzed using confocal microscope at
63X magnification.
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Premature-Senescent Induction
In order to induce the premature senescent, the cells were treated with 50uM
concentration of hydrogen peroxide (Fisher Scientific) and incubated for 1 hour in 5% CO₂ for 3
consecutive days. After, the third day of treatment, the cells were left to recover for 3 days. The
Beta-Gal staining was performed to identify premature-senescent positive cells.
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Results
In order to see what level of ROS contribute to oxidative stress, in the first part of our
research, we quantified ROS levels in cells treated with the naturally occurring antioxidants
(Figure 1 and 2). When we quantified our results, we saw that the average flurescence intensity
which represents ROS levels were decreased in cells treated with the antioxidants. Interestingly,
cells treated with L-glutathione and Acetyl-l-carnitine had ROS levels lower than in a control
group (Figure 1 and 2).

Fig1: Effect of sub-lethal concentration of hydrogen peroxide (H2O2) and naturally
occurring antioxidants. Young WI 38 cells were treated with 50uM concentration of H2O2
and 500uM concentration of three naturally occurring antioxidants. The staining was done
with the Mitosox Red, which is superoxide anion and hydroxyl radical indicator. DAPI
staining was used in order to identify the nucleus of the cells. The images were taking
using the fluorescent microscope under 400X total magnification and the scale bar
represents 20 µm. The staining is representative of at least three independent experiments.
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Fig2: Quantification of the effects of sub-lethal concentration of hydrogen
peroxide (H2O2) and naturally occurring antioxidants. The ROS levels were
quantified by using programs Image J version 1.45S and Photoshop CS3. The
graph and the statistical analysis was done with the use of Graph Pad Prism
version 5.0. The graph is representation of at least three independent
experiments. The results of T-test and ANOVA showed the P-value being
P<0.0001
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After quantification of ROS levels, the next step was to investigate how the morphology
of mitochondria would be changed in the presence of ROS and our tested antioxidants. In figure
3 and 4 we performed the same experiment but we used special dye CmxROS to stain the
mitochondria. Figure 3 shows the mitochondrial staining. CmxROS the actual mitochondria,
DAPI shows the nucleus of the cells and OPA-1 is the mitochondrial membrane protein which
we used for more precise mitochondrial localization. Merge represent all the images merging
together. Figure 4 shows images of mitochondria from Figure 3 which were magnified using the
confocal microscopy. White arrows indicate the mitochondrial fission. After performing the
experiment with the young WI38 cells, what we saw in figure 3 and 4 is that the control group
had more mitochondrial fusion over the fission. However, the cells that were exposed to 50uM
hydrogen peroxide, had a shift towards mitochondrial fission morphology. The groups treated
with the naturally occurring antioxidants seemed to prevent the shift towards mitochondrial
fission which was observed in the 50uM H2O2 group (Figure 3 and 4).
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Fig3: The impact of sub-lethal concentration of hydrogen peroxide (H2O2) and naturally
occurring antioxidants on the mitochondrial morphology. Young WI 38 cells were treated
with 50uM concentration of H2O2 and 500uM concentration of three naturally occurring
antioxidants. To stain mitochondria, CmxROS red dye was used. DAPI staining was used
to identify the nucleus of the cells. OPA-1 antibody were used for mitochondrial
localization. The images were taking using the confocal microscope under 630X total
magnification and the scale representing 20 µm. The staining is representative of at least
three independent experiments. The results show accumulation of mitochondrial fission in
50uM hydrogen peroxide group and accumulation of mitochondrial fusion in group treated
with naturally occurring antioxidants.
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Fig4: The impact of sub-lethal concentration of hydrogen peroxide (H2O2) and naturally occurring
antioxidants on the mitochondrial morphology. This figure is served as the supplement for Figure3.
The same images of mitochondria taking from Figure 3 were additionally magnified by using the
confocal microscope for more detailed view of the mitochondria. The white arrows indicate the
presence of mitochondrial fission, they can be observed as bright dots.
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Then the following were to investigate how the mitochondrial morphology would be
different in cells that underwent pre-mature and replicative senescence (Figure 5, 6 and 7). In
order to ensure that our cells underwent senescence we performed beta-gal staining (Fig 4),
which is the test that is widely used for confirmation of the senescence. In fig4 the white arrows
point into the blue signal which indicates that the cells underwent the senescence. The absence of
blue signal indicates that the cells are not senescent. The cells underwent premature senescence
after the treatment with 50uM hydrogen peroxide for three consecutive times. The replicative
senescence were obtained naturally in cells that underwent 60 population doubling levels (PDLs)
of cellular devision (Figure 5). Then, once we confirmed that we are having senescent cells, we
performed the mitochondrial studies in them (fig 6 and 7). Figure 6 shows the mitochondrial
morphology in senescent cells. As we got the mitochondrial signal in our cells and looked more
closely into it (fig 7), we saw that both premature and replicative senescent cells had the shift
towards mitochondrial fission in camparison with the control. Same was observed in young cells
treated with the 50 uM H2O2 (fig 3 and 4).
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Fig5: Results of X-gal staining for the presence of premature-senescent and senescent cells . The
young WI38 cells were treated three times with the 50uM concentration of H2O2 and let recover
for three days in order to obtain the premature senescent cells. Other young WI38 cells were
allowed to grow until they reached population doubling level (PDL) of 60 and underwent
senescence. The results of X-gal staining are representation of three independent experiments.
White arrow indicate the presence of X-gal signal which indicates that the cells went into the
senescent state.
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Fig6: The impact of premature-senescence (Pre-sen) and senescent states on the mitochondrial
morphology. The young WI38 cells were treated three times with the 50uM concentration of H2O2
and let recover for three days in order to obtain the premature senescent cells. Other young WI38
cells were allowed to grow until they reached population doubling level (PDL) of 60 and underwent
senescence. To stain mitochondria, CmxROS red dye was used. DAPI staining was used to identify
the nucleus of the cells. OPA-1 antibody were used for mitochondrial localization. The images were
taking using the confocal microscope under 630X total magnification and the scale bar represents 20
µm. The purpose of this staining was to compare mitochondrial morphology between replicative
senescent and pre-mature senescent cells. Both showed accumulation of mitochondrial fission.The
staining is representative of at least three independent experiments.
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Fig7: The impact of premature-senescence (Prem-sen) and senescent states on the mitochondrial
morphology. This figure is served as the supplement for Figure 6. The same images of
mitochondria taking from Figure 6 were additionally magnified by using the confocal microscope
for more detailed view of the mitochondria. The yellow arrows indicate the presence of
mitochondrial fission.
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Overall base on gathered data, that 50 uM concentration of hydrogen peroxide induced
high levels of superoxide anions and hydroxyl radicals, which also induced high levels of
mtDNA common deletions. Also 50uM concentration of hydrogen peroxide induced disbalance
between mitochondrial fission and fusion with the shift toward fission. The tested antioxidants
were able to prevent the shift and preserve mitochondrial morphology towards more fusion. Our
next step was to investigate mitochondrial morphology in KSS cells that have genetically
abnormally high levels of mtDNA common deletions in order to see how their response would
be different from previously observed results with WI38 cells (Figure 8 9 10 11 and 12). In our
first round of experiments, we subjected the KSS cells to 50uM H2O2 and naturally occurring
antioxidants, the same procedure that we performed in figures 3 and 4. Upon the completion of
the experiment, it was surprising to see that the shift towards the mitochondrial fission did not
occur in any of the tested groups (Fig 8 and 9). In contrast the shift towards mitochondrial fission
were observed in cells exposed to 50uM H2O2 (Fig 3 and 4). It was interesting to see such an
outcome knowing that the cells have abnormally high levels of mtDNA common deletions but at
the same time the morphology of the mitochondria were not impacted by it. We used specian
indicator CMXRos red to stain the mitochondria and OPA-1 mitochondrial memberane protein
which is responsible for mt-fusion. If mt-fusion were decreasing, then we expected the levels of
OPA-1 to be decreased as well.
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Fig8: The impact of sub-lethal concentration of hydrogen peroxide (H2O2) and
naturally occurring antioxidants on the mitochondrial morphology in Kearns-Sayre
cells (KSS). KSS cells were treated with 50uM concentration of H2O2 and 500uM
concentration of three naturally occurring antioxidants. To stain mitochondria,
CmxROS red dye was used. DAPI staining was used to identify the nucleus of the
cells. OPA-1 antibody were used for mitochondrial localization. The images were
taking using the confocal microscope under 630X total magnification and the scale bar
represents 20 µm. The staining is representative of at least three independent
experiments.
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Fig9: The impact of sub-lethal concentration of hydrogen peroxide (H2O2) and
naturally occurring antioxidants on the mitochondrial morphology in Kearns-Sayre
cells (KSS). This figure is served as the supplement for Figure 8. The same images of
mitochondria taking from Figure 8 were additionally magnified by using the confocal
microscope for more detailed view of the mitochondria.
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It is known that KSS cells are able to undergo replicative senescence and being resistant
to premature senescence. The exact phenomena we observed in beta-gal staining (fig10). KSS
were resistant to 50uM H2O2 treatments and did not show the appearance of the blue color, the
exact differences opposite was seen in the KSS cells who underwent replicative senescence
(fig10). In addition when the staining for mitochondrial morphology was performed (Fig 11 and
12). The only group which appeared to have a shift towards mitochondrial fission were the KSS
cells that underwent replicative senescence. It also important to note that based on our
observations the shift towards mitochondrial fission was not observed to be as strong as it were
in normal replicative senescent WI38 cells (Fig 6 and 7), we believe that these observations are
due to some mechanism which overexpresses ROS scavengers in KSS cells, which for some
reasons up to certain point becomes dysfunctional.
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Fig10: Results of X-gal staining for the presence of premature-senescent and senescent cells . The
young Kearns-Sayre cells (KSS) cells were treated three times with the 50uM concentration of H2O2
and let recover for three days in order to obtain the premature senescent cells. Other KSS cells were
allowed to grow until they reached population doubling level (PDL) of 14 and underwent senescence.
The results of X-gal staining are representation of three independent experiments. White arrow
indicate the presence of X-gal signal which indicates that the cells went into the senescent state. The
X-gal signal was not observed after the three consecutive treatments with 50uM concentration of
H2O2.
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Fig11: The impact of premature-senescence (Pre-sen) and senescent states on the mitochondrial
morphology in Kearns-Sayre cells (KSS). Young KSS cells were treated three times with the
50uM concentration of H2O2 and let recover for three days in order to obtain the premature
senescent cells. Other KSS cells were allowed to grow until they reached population doubling
level (PDL) of 14 and underwent senescence. To stain mitochondria, CmxROS red dye was
used. DAPI staining was used to identify the nucleus of the cells. OPA-1 antibody were used for
mitochondrial localization. The images were taking using the confocal microscope under 630X
total magnification and the scale bar represents 20 µm. The staining is representative of at least
three independent experiments. The KSS cells appeared to be resistant to the hydrogen peroxide
treatments and failed to undergo the premature senescence.
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Fig12: The impact of premature-senescence (Pre-sen) and senescent states on the
mitochondrial morphology in Kearns-Sayre cells (KSS). This figure is served as the
supplement for Figure 11. The same images of mitochondria taking from Figure 11 were
additionally magnified by using the confocal microscope for more detailed view of the
mitochondria. The yellow arrow indicates the presence of mitochondrial fission.
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As we saw in figure 1 and 2 the high levels of ROS in Wi38 cells exposed to 50uM
H2O2, in order to ensure that it was a global phenomena which could be observed in other cells,
we performed ROS levels quantification in other types of cells which were exposed o the same
high levels of ROS as the cells from fig 1 and 2. Figure 13 and 14 show all the different types of
young cells except KSS showed elevated levels of ROS after the treatment with 50uM H2O2.
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Fig13: Effect of sub-lethal concentration of hydrogen peroxide (H2O2) on different types
of cells. Young HDF, IMR 90, WI 38 and KSS cells were treated with 50uM
concentration of H2O2. The staining was done with the Mitosox Red, which is superoxide
anion and hydroxyl radical indicator. DAPI staining was used in order to identify the
nucleus of the cells. The images were taking using the fluorescent microscope under 400X
total magnification and the scale bar represents 20 µm. The staining is representative of at
least three independent experiments.
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Fig14: Effect of sub-lethal concentration of hydrogen peroxide (H2O2) on different
types of cells. Young HDF, IMR 90, WI 38 and KSS cells were treated with 50uM
concentration of H2O2.. The ROS levels were quantified by using programs Image J
version 1.45S and Photoshop CS3. The graph and the statistical analysis was done with
the use of Graph Pad Prism version 5.0. The graph is representation of at least three
independent experiments. The results of T-test and ANOVA showed the P-value being
P<0.0001. There was no significant differences between KSS control and KSS 50uM
H2O2 P>0.05
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In the final part of our experiments, we decide to see the differences in terms of ROS
levels in different types of cells who were undergoing premature and replicative senescence
(Figure 15, 16 and 17). Figure 15 shows that out tested types of cells underwent premature
senescent except the KSS and all our tested types of cells underwent replicative senescence.
Figure 16 shows the levels of ROS in our tested cells and figure 17 shows the quantified results
of those levels. As we quantified the data (fig 17), we saw that all our types of cells except KSS
showed elevated levels of ROS in premature senescent cells. KSS cells were resistant to
premature senescent state and showed no change in ROS levels in comparison with the KSS
control group. All tested types of cells showed elevated levels of ROS in replicative senescent
cells (Sen). It was very interesting to observe that the KSS cells were resistant to premature
senescence and did not show rise in ROS levels (fig 17), but as the cells underwent replicative
senescence the rise of ROS levels started to be observed (fig17).
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Fig15: Results of X-gal staining for the presence of premature-senescent and senescent cells .
The young IMR 90, WI 38 and Kearns-Sayre cells (KSS) cells were treated three times with the
50uM concentration of H2O2 and let recover for three days in order to obtain the premature
senescent cells. Other all three types of cells were allowed to grow until they reached population
doubling level (PDL) of 14 for KSS, 67 for IMR 90 and 65 for WI 38 to undergo replicative
senescence. The results of X-gal staining are representation of three independent experiments.
White arrow indicate the presence of X-gal signal which indicates that the cells went into the
senescent state. The X-gal signal was not observed after the three consecutive treatments with
50uM concentration of H2O2 in KSS cells but was observed in KSS cells that underwent
replicative senescence.
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Fig16: The ROS levels in premature senescent and replicative senescent cells. The young
IMR 90, WI 38 and Kearns-Sayre cells (KSS) cells were treated three times with the
50uM concentration of H2O2 and let recover for three days in order to obtain the premature
senescent cells. Other all three types of cells were allowed to grow until they reached
population doubling level (PDL) of 14 for KSS, 67 for IMR 90 and 65 for WI 38 to
undergo replicative senescence. The staining was done with the Mitosox Red, which is
superoxide anion and hydroxyl radical indicator. DAPI staining was used in order to
identify the nucleus of the cells. The images were taking using the fluorescent microscope
under 400X total magnification and the scale bar represents 20 µm. The staining is
representative of at least three independent experiments. KSS cells were resistant to the
hydrogen peroxide treatment and did not undergo into premature senescent state.

52	
  
	
  

Fig17: The ROS levels in premature senescent and replicative senescent cells.. The ROS
levels were quantified by using programs Image J version 1.45S and Photoshop CS3. The
graph and the statistical analysis was done with the use of Graph Pad Prism version 5.0.
The graph is representation of at least three independent experiments. The results of T-test
and ANOVA showed the P-value being P<0.0001. There was no significant differences
between KSS control and KSS 50uM H2O2 P>0.05
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Discussion
Mitochondrial and free radical theories of aging both state that aging and age-related
diseases are due to high levels of ROS. ROS damage any nearby molecules especially when
there are high levels of it, more than repair mechanisms can protect them from.
Based on our studies, we found that the levels of superoxide anions and hydroxyl radicals
increase upon exposure to sublethal dosages of hydrogen peroxide. However, the three tested
naturally occurring antioxidants were able to bring the levels of those free radicals back to the
levels of the control group (Figures 1 and 2). Control groups also have the presence of free
radicals without exposure to 50uM hydrogen peroxide because ROS are by-products of normal
cellular metabolism.We saw that the antioxidants were able to bring the ROS levels down, we
observed that they were also able to protect the balance between mitochondrial fission and fusion
(Figure3). More fission was seen when cells were exposed to the same concentration of
hydrogen peroxide, more mitochondrial fusion was observed when tested antioxidants were
added (Figure3). Intrestingly, similar results were seen in cells undergoing pre-mature and
replicative senescence (Figures 4 and 5). We saw more mitochondrial fission over fusion in
senescent and pre-senescent cells (Figure 5).
After seeing these results, we then moved to analysis of KSS cells. The first thing we did
was analyze the mitochondrial morphology using the same conditions that we used with young,
pre-senescent, and senescent WI38 cells (Figures 7 and 8). Surprisingly, when we exposed cells
to sublethal doses of hydrogen peroxide, we did not see any changes in mitochondrial
morphology between the cells exposed to hydrogen peroxide alone and the cells having the
presence of antioxidants (Figures 7 and 8). We looked at mitochondrial morphology between
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pre-senescent and senescent KSS cells. Surprisingly, we could not get premature senescent KSS
cells (Figure 9), but we could still get replicative senescence (Figure 9). The analysis of their
mitochondrial morphology showed that KSS cells which resisted undergoing to pre-mature
senescence had more fusion, and KSS cells undergoing to replicative senescence started to show
the accumulation of mitochondrial fission (Figures 10 and 11).
Upon measuring the levels of ROS in KSS, WI 38, and IMR-90 cells (Figures 12 and 13),
we saw that all types of cells had elevated levels of ROS with exposure to 50uM hydrogen
peroxide, except KSS cells (Figures 12 and 13). The levels of ROS did not change in KSS cells
(Figure 12). Then, we measured the levels of ROS in pre-senescent-resistant and senescent KSS
cells (Figures 15 and 16). All types of cells tested along with KSS cells were Beta-gal positive
either in the pre-senescent or senescent state (Figure 14). However, only KSS cells were resistant
to premature-senescence (Figure 14). All types of tested cells except one group of KSS cells in
pre-senescent and senescent states had elevated levels of ROS (Figure 15 and 16). However,
premature senescent-resistant KSS cells did not have elevated ROS levels, but senescent KSS
cells did (Figures 15 and 16). By observing all of this, we made the following conclusion.
Mitochondrial theory of ageing up to this day remains to be a controversial theory. It is
not fully accepted by all scientific community as theory which explains the leading causes of
ageing. However, our data contributes to the support of this theory by showing that damages to
mitochondria are linked with disorders that are seen with ageing. As we induce oxidative stress
in normal cells, we begin to see the accumulation of unrepaired oxidative damages which makes
disbalance in mitochondrial morphology. We begin to see more mitochondrial fission which
serves as the marker of abnormal mitochondria. As the number of mitochondrial fission
increases, cells cannot perform its essential functions due to deficit of ATP.
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What makes our data significant is the fact that we can alleviate the effect of oxidative
stress from ROS. Specifically, as we artificially raise the levels of naturally occurring
antioxidants that cell originally makes, in all cases we were able to reduce the effects of
oxidative damages. The cells treated with high levels of antioxidants upon the exposure to
oxidative stress were able to reduce ROS levels and resist to ROS damages. These cells were
able to preserve mitochondrial morphology with the shift leaning towards more mitochondrial
fusion. Therefore we suggest that effects of ageing can be slow down. If the person maintains
high levels of the antioxidants in its body through food intake or use of vitamin supplements,
then he/she would be able to keep ROS levels low and expand the longevity of cells which are
non-dividing and heavily depend upon aerobic respiration such as nerve or muscle cells.
The effects of antioxidants can be linked with KSS syndrome. This genetically lethal
disorder is the result of deletions in mitochondrial DNA (mtDNA) leading to impaired energy
production by mitochondria. What we observed in KSS cells was the fact that these cells were
very resistant to oxidative stress. As we tried to induce oxidative damage in them, we could not
observe rise in ROS levels. However unlike normal cells, KSS underwent replicative senescence
very early (PDL17) and were only one type of cells that was unable to undergo pre-mature
senescence. What our results suggest is that perhaps these cells in the beginning have
upregulation of some ROS scavenging mechanism which doesn’t allow for oxidative damages to
occur. However at some particular point this mechanisms shuts off very early which results in
loss of protection from ROS and rapid loss of functional mitochondria. This makes these cells
undergo replicative senescence but as the ROS scavenging mechanism upregulated, it protects
these cells from becoming pre-maturely senescent. Currently there is no curative treatment for
KSS and very little investigations of this syndrome were done. Our data contributes to studies of
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KSS syndrome by suggesting a possible answer to the question of why even though KSS
syndrome is genetically lethal, some patients are able nevertheless to live up to certain age. We
believe that

since in our studies KSS were derived from a 7-year-old and compensatory

mechanisms for scavenging ROS must be in place for postnatal survival we believe that this
mechanism makes patients to live up to certain age. Identification of this mechanism is very
important. If we would be able to identify this mechanism, then we could manipulate it in normal
cells which would further protect cells from oxidative damages and prolong their functionality.
That is why in our future experiments, we are going to take a closer look at specific types of
ROS compensatory mechanisms that might be up-regulated in KSS cells.
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